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 When two or more metallic nanoparticles are in close proximity, their plasmonic modes 
may  interact  through  the  near  field,  leading  to  additional  resonances  of  the  coupled 
system  or  to  shifts  of  their  resonant  frequencies.  [1‐10]  This  process  is  analogous  to 
atom‐hybridization, as had been proposed by Gersten and Nitzan[11] and modeled by 
Nordlander  et  al.[9].  The  coupling  between  plasmonic  modes  can  be  in‐phase 
(symmetric) or out‐of‐phase (anti‐symmetric), reflecting correspondingly, the  ‘bonding’ 
and  ‘anti‐bonding’  nature  of  such  configurations[12‐14].  Since  the  incoming  light 
redistributes  the charge distribution around  the metallic nanoparticles,  its polarization 
features play a major role in the nonlinear optical probing of the energy‐level landscape 
upon hybridization  [1, 15].   Thus, controlling  the nature of coupling between metallic 
nanostructures  is  of  a  great  importance  as  it  enables  tuning  their  spectral  responses 
leading to novel devices which may surpass the diffraction limit.  
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Nanocavities (nanoholes carved  in a thin metal film) can be viewed as complementary 
to nanoparticles and  their  respective  linear optical  responses are  related by Babinet’s 
principle[16].  However,  when  the  interaction  between  neighboring  structures  is 
discussed, a fundamental difference exists between nanocavities and nanoparticles. The 
interaction  between  individual  nanoparticles  decays  rapidly  (typically  within  tens  of 
nanometers).  However,  in  the  case  of  nanocavities,    propagating  surface  plasmons 
polaritons  (SPP), which  are  supported by  the metallic  film between  the nanocavities, 
provide  a  channel  for  long‐range  coupling  between  the  nanocavities,  and  therefore, 
fundamentally  changing  the  interaction  picture.    This  additional  coupling mechanism 
offers a way to modulate the linear and nonlinear responses of such nanostructures and 
may lead to a strong amplification of the observed signal.  
The  coupling  between  metallic  nanostructures  (nanocavities  or  nanoparticles),  in 
particular  its  polarization  properties,  can  be  ideally  probed  by  nonlinear  optical 
measurements.  In particular,  ,  second harmonic  generation  (SHG)  [17, 18] offers  two 
benefits: it is the lowest order nonlinear optical mechanism and it is highly sensitive to 
symmetry disruption   as opposed to  linear or cubic processes, which are  less prone to 
reflect symmetry changes. More specifically, the dependence of SHG responses on the 
polarization of the incident beam provides a direct information about the properties of 
the  second order  susceptibility  tensor ijk(2) which  critically  depends  on  the  structure 
symmetry  and  the  charge  distribution  at  the metallic  nanostructure  surface.  [19‐21] 
Being a coherent process, SHG, can provide important information about the nature of 
interaction between participating oscillating dipoles. More explicitly,  if  all  the dipoles 
emanating from the metallic nanostructures are in phase, we expect high directionality 
of the SH emission. In addition, the SH intensity scales with N2, where N is the number 
of the metallic nanostructures and therefore when all are coherently emitting, the signal 
is highly amplified.   An  incoherent process, on the other hand, scales  linearly with the 
number of participating entities. However, generation of a coherent SH response from 
an ensemble of metallic nanostructures (particles or holes) is a challenging task.  One of 
the reasons  is  that  the SH responses arising  from surface defects or  the host material 
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may overwhelm the  intrinsic signal of the metallic nanostructures, eventually resulting 
in  phase  randomization  of  the  emitted  dipoles  and  relatively  low  signals.  Thus,  the 
overall SH emission from an ensemble of metallic nano structures usually refers to the 
incoherent process rather than to the coherent one. 
Herein we  report  on  the  coherent  coupling  between  plasmonic modes  of  triangular 
cavities, which are arranged in a line and are separated by hundreds of nm. We compare 
their nonlinear response to that of a complementary row of triangular nanoparticles of 
identical  shape,  size  and  structure.  The  interaction  is  characterized by measuring  the 
SHG response at different polarizations of the  input beam. This NLO based approach is 
further  complemented  by  additional  linear  dark  field measurements.   We  show  that 
while  coupling  between  the  nanocavities  induces  a  strong  anisotropy  in  the  SHG 
emission, such  is not the case for nanoparticles.   For  identical geometrical parameters, 
no coupling is observed in the case of nanoparticles, thus breaking the often postulated 
complementary between cavities and particles. 
 We chose to concentrate on equilateral triangular nanostructures, cavities or particles.  
[22]  This  choice  leads  to  a  striking  difference  between  the  SHG  responses  of  an 
individual  triangle which has  a  threefold  symmetry,  as  compared  to  a  chain of  three 
triangular  structures,    abiding  to  a  lower  symmetry  only  when  coupled.    Without 
coupling, their behavior mimics that of an individual triangular structure.  
 The samples consist of equilateral triangular nanocavities drilled in a thin silver film and 
their  complementary  structures,  triangular  silver  nanoparticles,  all  of  a  typical  side 
length of 200nm  (see  figures 1a,b). The  triangular  cavities/particles are arranged  in a 
linear configuration separated by a distance of about 400 nm (figures 2a,e).   
We  first  study  the  nonlinear  (SHG)  response  of  individual  triangular  nanostructures 
(particle and cavity) as a function of the polarization of the incoming beam.  The results 
are presented in Figure 1. The total SHG emission intensity patterns for both individual 
triangular  nanoparticle  and  nanocavity  structures  are  barely  dependent  on  the  input 
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The  measured  linear  spectra  confirm  previously  reported  measurements  on 
nanoparticles, whereby strong coupling leads to splitting and shifts of the spectral lines. 
It  supports our  conclusion of  strong  coupling between  the plasmonic modes of  these 
triangular cavities. Furthermore,  it reaffirm our observation of the  long range coupling 
for nanocavities as opposed  to  the known  short  range plasmonic  coupling of metallic 
nanoparticles.   Unlike the case of nanoparticles, we are able to probe here also the so‐
called dark modes (σ*), which  is slightly blue shifted with respect to  individual modes. 
The single peak which  is observed  for the orthogonal polarization  is red shifted rather 
than blue shifted as already observed for nanoparticles. 
When  it  comes  to  coupling  between  neighboring  metallic  nanostructures,  a 
fundamental difference exists between nanocavities and nanoparticles  and they cannot 
be  considered  as  complementary.    Unlike  nanoparticles,  nanocavities  may  couple 
through excitation of SPP propagating at the metallic  film.  [26] These propagating SPP 
modes connect  the  localized  surface plasmons  (LSP) at neighboring nanocavities,  thus 
inducing  strong  mutual  interactions.  The  degree  of  coupling  depends  on  the  SPP 
excitation  wavelength  and  its  propagation  length  and  therefore  on  the  distance 
between  the cavities.   The  intrinsic parameters of  the metallic  film  itself play a major 
role  as well.    For  example,  poor  coupling was  observed  (not  shown  here) when  the 
metallic surface between the cavities was rough leading to scattering of the SPP modes, 
phase randomization of the dipoles, and therefore reduced coupling efficiency between 
the LSP modes. A high  fabrication quality of  the  silver  film  in  terms of  roughness and 
grain size, as well as of the structures themselves, proved to be essential for our current 
observations.  
Estimation of the coupling degree 
  
The coupling degree between  the cavities and their mutual  interaction  is subjected  to 
several  parameters  as  already  mentioned  above.  The  amount  of  coupling  can  be 
quantitatively inferred from the SHG emission analyzed along two orthogonal angles (X 
and Y) for a range of input beam linear polarizations spanning by rotation all directions 
within the plane of the sample.  
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 In what follows we perform an analysis of the symmetry properties of such structures 
as measured by the SHG, and introduce a tensor‐symmetry‐based model to analyze the 
degree  of  coupling  between  the  nanostructures  in  connection  with  their  symmetry 
lowering when going from uncoupled to coupled nano‐cavities.  
To  a  good  approximation,  our  samples  can  be  viewed  as  two‐dimensional,  and 
contributions from the Z component (perpendicular to the plane of the thin film) of the 
electric fields can be neglected. The dominant contributions to the susceptibility tensor 
ijk(2) then span only the Y and X directions, leaving YYY(2), YXX(2) , XXX(2) and XYY(2) as the 
only four independent coefficients.  The presence of an additional mirror plane normal 
to  the  X  axis  further  leads  to  the  cancellation  of  tensor  elements  which  are  anti‐
symmetric with respect to this mirror symmetry. Thus, terms where the X index makes 
an odd number of occurrences vanish, namely XXX(2) = XYY(2) = 0. For a higher symmetry 
corresponding  to  three‐fold  rotational  invariance  around  Z,  such  as  for  equilateral 
triangular  structures,  the  two  remaining  coefficients  are  further  linked  by  a  tensor 
relation  which  expresses  the  cancellation  of  all  dipolar‐like  physical  entities  [27], 
namely: 
YYY(2) +YXX(2)=0                                                                                                            (1)  
which leaves only one independent coefficient .   
Such is the case for individual nano‐cavities, or a non‐interacting set of these (likewise for nano‐
particles). 
However, when coupling is coming into play, the overall symmetry is reduced to a lower 
level,  relation  (1)  no  longer  holds,  and  the  YYY(2)  and  YXX(2)  terms  become  then 
independent.  
According to these general symmetry considerations, the level of coupling between the 
nanocavities  can be monitored  via  the dependence of  the emitted SHG  signal on  the 
input beam polarization. As can be seen  in Figure 2,  for a significant  level of coupling, 
when  the  input polarization  is along  the Y‐axis,  the  three cavities  respond collectively 
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(Figure 2g) and the polarization signature of the emitted light (figure 2h) changes from a 
four‐fold  octupolar  shape,  characteristic  of  three‐fold  symmetry,  [28]  [22,  29]  to  an 
elongated dipolar  signature characteristic of a  reduced,  two‐fold  reflection  symmetry. 
Thus, we define a nonlinear anisotropy coefficient ρ, which reflects the departure from 
three‐fold symmetry due to the coupling between the nanocavities, according to:  
=YXX(2)/YYY(2)                  (2)       
The  ρ  parameter  accounts  for  nonlinear  anisotropy  and  enables  to  quantitatively 
monitor  the  transition  from  three  independent objects  to a  single,  internally  coupled 
entity of  lower  symmetry. As  the  level of  coupling between  individual nanostructures 
increases, YYY(2) tends to dominate over  YXX(2)  and   ultimately approaches 0. On the 
other  hand,  in  the  absence  of  coupling  between  the  individual  nano‐structures,  the 
system maintains  its original  three  fold  symmetry,  relation  (1) holds and . These 
two extreme cases of individual contributions (  1) and the fully coupled one (   0
),  calculated under  realistic experimental  conditions, are  shown and  fully discussed  in 
the supplementary material.   
To  investigate  the  degree  of  coupling  between  the  triangular  nanocavities,  we 
performed detailed polarization analysis of  the  individual X‐ and Y components of  the 
emitted SHG radiation as shown  in  figure 6.   A dipolar‐like pattern  is observed  for the 
polarization along the Y‐axis (blue curve); while an octupolar pattern of weaker intensity 
is  observed  along  the X‐axis  (red  curve  exhibiting  a  butterfly‐like  shape).  The  dipolar 
pattern  results  from  the  reduced  symmetry  due  to  the  strong  coupling  between  the 
triangular  cavities.  However,  the  coupling  is  not  fully  accomplished  and  the  X 
component emission pattern  features a  residual octupolar pattern  [22, 29]. Within  the 
model described above,  the data was best  fitted  (other  than  intensity scaling,  is  the 
only  fitting parameter)  to  0.5   .       This value  indicates a strong, but  less  than  full 
level of coupling between  the nanocavities.   We note  that under  identical  conditions, 
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Electron Microscopy  to be  smaller  than 1nm and 50nm  respectively.  In order  to have 
similar  indices  of  refraction  on  both  sides  of  the  nanocavities  or  around  the 
nanoparticles,   the silver surfaces were covered by a 150 nm  layer of polyvinyl alcohol 
(PVA), with an average  refractive  index  similar  to  that of glass  (~ 1.5)  in  the  relevant 
wavelength range of the visible to near  infrared. The sample was mounted on a piezo 
stage and was scanned with a resolution of 40nm at the focal plane of a focused beam 
from a Ti:Sapphire  laser  (Spectra‐Physics Mai‐Tai HP, 100  fsec, 80MHz), 2‐6 mWatt at 
the entrance lens, with a fundamental incoming beam tunable between 750nm‐980nm. 
Most of the experiments reported here were performed at an input laser wavelength of 
940 nm. The main  reason  for  selecting  this wavelength  is  the  fact  that  the  silver  film 
supports  plasmon  propagation  at both  the  fundamental  and  at  the  second  harmonic 
frequency of 470 nm. The laser was focused through the glass substrate using a 0.7 NA 
objective (60), resulting  in a spot size of about 0.9 µm. The SH signal was collected in 
reflection  mode  through  the  same  objective,  and  directed  to  two  avalanche 
photodiodes  (APD,  PerkinElmer)  that  measure  the  SH  intensity  along  the  X  and  Y 
perpendicular polarization directions. A dichroic mirror was used to block the reflected 
fundamental beam, and appropriate band‐pass  filters  (Semrock) were used  to  further 
isolate  the SH  radiation.   The SHG polarization dependence measurements have been 
performed by rotating the linear input beam polarization using a half wave plate and a 
polarizer (see  figure s1 in supplementary materilas for set‐up details).   
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and its two perpendicular polarization components are detected by two calibrated 
avalanche photodiodes (APD).  
 
 
Symmetry consideration for the second order susceptibility  
Assuming a quasi-plane wave behavior at the focus of the confocal microscope with its 
beam-waist in the (X,Y) plane, one can define the fundamental electric field by its two 
in-plane components,

E  (EX ,EY )  (E cos,E sin ), where the field is taken as linearly 
polarized, with an angle  defined with respect to the X axis and amplitude E. The 
sample is illuminated  at the fundamental frequency, and the Second Harmonic Generated 
signal is collected through the same optical path, and its dependence on input field 
polarization is measured. Let us examine the polarization plots for two extreme cases: an 
object with threefold symmetry and an object with twofold symmetry. 
i) A planar object with a threefold rotational symmetry  
 
As discussed in the paper, for such an object the (2) tensor is composed of two 
coefficients, (2) (2)andYYY YXX  which are linked by relation (1), namely corresponding to =-1 
where  is the nonlinear anisotropy parameter as defined in the paper. Under these 
conditions, define (2) (2) (2)/ / YYY YXX      the single remaining independent coefficient of 
the (2) tensor. The X and Y components of the induced SHG polarization vector can be 
expressed as a function of the incoming fundamental field by: 
2 (2) 2 2 (2) 2
/ / / /sin(2 ) and cos(2 )X YP E P E
         
Approximating the far field intensities along X and Y as proportional to the squared 
components of the induced polarization along the corresponding axis leads to the 
following expressions:   
2 22 (2) 2 2 2 (2) 2 2
/ / / /sin (2 )( ) and cos (2 )( )X YI I I I
               
These expressions account for the four-lobed cross-shaped pattern of the SHG 
polarization plot for a planar object abiding to three-fold symmetry. This possibly 
surprising four-lobed pattern emanating from a threefold symmetric object is the result of 
the symmetry breaking projection of the induced polarizations, and hence of the 
generated harmonic fields, along the X and Y polarization analysis direction. The more 
intuitive three-fold symmetry would appear if the object of interest were rotated while the 
polarizations of the input fundamental and generated harmonic would remain fixed and 
set parallel to each other. object 
ii) A planar object with a twofold symmetry along its Y axis  
Assuming the validity of Kleinman permutation symmetry The (2) tensor under this 
symmetry is then composed of two independent coefficients 
YYY(2) and YXX(2) ( XYX(2)  XXY(2) ) . The two independent coefficients are no more linked by 
relation (1), leading us to introduce the nonlinear anisotropy parameter (2) (2)/YXX YYY   . 
This anisotropy parameter reflects the deviation from three-fold symmetry, as would be 
the case if the individual equilateral triangles depicts in figure 2 in the paper were to 
couple to each other.  For non-coupled entities, the threefold symmetry is maintained and 
ρ=-1 , while for a fully coupled system, the (2)YYY completely dominates, and ρ=0. Thus, 
the stronger the coupling the closer is ρ to zero.  
In the following derivations, we make use of only two parameters, namely 
(2) (2)
/ / andYYY   , with YXX(2)   //(2)  
The expressions for the induced polarizations are then  
2 (2) 2 2 (2) 2 2
// / /sin(2 ) and cos(2 ) (1 )cosX YP E P E
               
Following a similar line of derivation as for the previous case, the harmonic intensities 
detected along X and Y are then respectively given by 
IX
2   2  //(2)     2 (I )2 sin2 (2 )
IY
2   //(2)     2 (I )2 cos2 (2 ) (1 ) (  3)cos2 ( ) 2     cos2( )     
 
For a three-fold symmetric object (ρ=-1) these general expressions reduce to those of the 
previous case. In the limit of very strong coupling with ρ=0 the expressions take the 
following form 
 IX
2  0 and IY2   //(2)     2 (I )2 sin4  
It is interesting to note that the expression of  IX
2  maintains the same shape as in the 
three fold case as derived above (subject to a ρ2 scaling factor). In particular, whatever 
the value of , in the X analysis direction, the four-lobed shape that is characteristic of 
octupolar systems is maintained, although the three-fold symmetry is lost. Its amplitude 
decreases with 2 down to the strong coupling case of =0 where the ‘memory’ of the 
three-fold symmetry vanishes. This is in agreement with our experimental observations as 
in Fig. 6 in the paper. 
Figure S2 depicts different harmonic polarization plots which display a progressive 
alteration when the apparent SHG response changes from a perfect four lobed shape for 
both X and Y polarizations in the non-interacting case (ρ =-1) onto a more dipolar shape 
for  ρ =-0.5. 
As shown in Figure S3, In the strong coupling limit, the polar plot takes a characteristic 
sin4  ”eight”-like shape along the Y interaction axis, consistently with our experimental 
results. 
Thus, by fitting the experimental polar plot data to this model, and extracting the value 
for  that best describes the data, we can discuss the degree of coupling between 
individual objects that is responsible for lowering of symmetry as expressed by the 
departure of the   factor from -1. 
 Figure S2: Calculated polar plots of the SHG emission pattern from a triplet of objects 
with three fold symmetry aligned along the Y axis as a function of the input beam 
polarization.  The coupling between objects is expressed by the ρ coupling parameter. 
When strong coupling occurs ρ =0 and all the all dipoles are emitting in phase. When the 
objects do not interact, ρ =-1, and the emission is similar to that of an individual object.  
Blue curves: the Y-axis component of the generated SHG, red curves: the X-axis 
component and black curves is the total emission. Polarization plots are shown for 
different ρ values ranging here from -1 to -0.5 (i.e.) from non interacting nano-objects 
with equilateral symmetry to a significant interaction level which lowers the three fold 
symmetry in the independent case. The simulations  shown in this Figure do not include 
corrections for the not fully achromatic dichroic mirror and reproduce expressions in this 
part. 
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